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Argonaute proteins (AGOs) are central to RNA interference
(RNAi) and related silencing pathways. At the core of the RNAi
pathway in the ancient parasitic eukaryote Trypanosoma brucei
is a single Argonaute protein,TbAGO1, with an established role
in the destruction of potentially harmful retroposon transcripts.
One notable feature of TbAGO1 is that a fraction sediments
with polyribosomes, and this association is facilitated by an argi-
nine/glycine-rich domain (RGG domain) at the N terminus of
the protein. Here we report that reducing the size of the RGG
domain and, in particular, mutating all arginine residues
severely reduced the association of TbAGO1 with polyribo-
somes and RNAi-induced cleavage of mRNA. However, these
mutations did not change the cellular localization of Argonaute
and did not affect the accumulation of single-stranded siRNAs,
an essential step in the activation of the RNA-induced silencing
complex.We further show thatmRNAon polyribosomes can be
targeted for degradation, although this alliance is not a pre-req-
uisite. Finally, sequestering tubulin mRNAs from translation
with antisense morpholino oligonucleotides reduced the RNAi
response indicating thatmRNAsnot engaged in translationmay
be less accessible to the RNAi machinery. We conclude that the
association of the RNAi machinery and target mRNA on polyri-
bosomes promotes an efficient RNAi response. Thismechanism
may represent an ancient adaptation to ensure that retroposon
transcripts are efficiently destroyed, if they become associated
with the translational apparatus.

In recent years small 20- to 30-nucleotide-long regulatory
RNAs, including small interfering RNAs (siRNAs),5 micro

RNAs (miRNAs), and PIWI-associated RNAs, have emerged as
key mediators of a variety of gene-silencing mechanisms oper-
ating both at transcriptional and post-transcriptional levels (1).
These small RNAs, in a complex with a member of the Argo-
naute (AGO) or Piwi protein family, act as guides to identify
target transcripts. Members of the AGO protein family are
present throughout the eukaryotic lineage, from protozoa to
man (2), and the family is defined by four distinct domains: the
N-terminal, PAZ,MID, and PIWI domains (3, 4). TheMID and
PAZ domains form binding pockets for the 5�-phosphate and
the 3�-end of the guide small RNA, respectively, whereas the
PIWI domain adopts a fold similar to that of RNase H-type
enzymes. However, only a subset of AGO family members,
termed “slicers,” are endowed with endonuclease activity. The
founding member of the AGO-slicer family is mammalian
AGO2 (5, 6), the catalytic engine of the RNA-induced silencing
complex or RISC (7). In the classic RNA interference (RNAi)
pathway AGO slicers are loaded with siRNAs that guide degra-
dation of target transcripts. Lastly, the MID domain of certain
metazoan AGO proteins contains a conserved motif similar to
the m7G cap-binding motif of eukaryotic translation initiation
factor 4E, and it has been proposed that human AGO2 may
repress translation initiation by sequestering the m7G-cap of
mRNA (8). However, the molecular details of the underlying
mechanism remain controversial (9, 10).
At present the function of the N-terminal domain of Argo-

naute proteins is not well understood, although there is some
evidence that this domain plays an important role. For instance,
genetic analyses of patterning and morphogenesis in Drosoph-
ila embryos have revealed an essential role for the N-terminal
glutamine-rich repeats of AGO2-slicer (11) and theN-terminal
half of Schizosaccharomyces pombe AGO1, including the PAZ
domain, has been shown to bind to proteins involved in cell-
cycle regulation (12). Furthermore, in vivo studies from our
laboratory have indicated that theN-terminal 68 amino acids of
Trypanosoma bruceiAGO1 (termed the RGG domain, because
it includes ten arginine-glycine-glycine or RGG motifs) is an
important determinant for the RNAi response (13). More
recently, murine Piwi family proteins were found to havemeth-
ylated arginines in their N termini (14, 15), and these modifica-
tions guide interactions with Tudor proteins (15). Finally, the
Drosophila protein methyltransferase 5 is required for arginine
methylation of AGO3 and Aubergine (14).
The RNAi pathway in Trypanosoma brucei is controlled by a

single Argonaute protein, TbAGO1, which presides over the
destruction of potentially dangerous transcripts derived from
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retroposons (16).TbAGO1 functions as a “slicer” and conforms
to the consensus AGO domain structure (13, 17), except that
the MID domain appears to lack the putative m7G-cap binding
motif.6 Previously, we reported that a proportion of TbAGO1,
in a complex with siRNAs, is associated with polyribosomes
(13, 18) and that this association is sensitive to inhibition by
pactamycin, an inhibitor of early steps in translation initiation.
Furthermore, a fraction of siRNAs co-sedimented with trans-
lating 80 S ribosomes after limited micrococcal nuclease diges-
tion and deletion of the TbAGO1 RGG domain significantly
decreased the association ofTbAGO1with polyribosomes (13).
Thus, our previous studies suggested a potential interaction
between TbAGO1 and ribosomes.
Although studies in vitro and in vivo have shown that RNAi

can be uncoupled from translation (19–21), a link between the
RNAi machinery and the translational apparatus has been sug-
gested by several lines of investigations. Early studies indicated
that in S2 cells RISC components pellet with ribosomes and
other large complexes after high speed centrifugation (5, 22, 23)
and later experiments suggested that RISC is loaded into an 80
S complex, possibly the ribosome (24). Furthermore, two Dro-
sophila RISC components, AGO2 and dFXR, were found in
complexes containing 5 S rRNA, as well as two ribosomal pro-
teins, L5 and L11 (25). Lastly, in Drosophila oocytes, untrans-
lated mRNAs were resistant to RNAi, whereas translated
mRNAs were not (26), suggesting that translated mRNAs may
be more efficiently targeted by the RNAi machinery. On the
other hand, a clear connection between the miRNA pathway
and translation has been forged in the last few years (27). In
animals, miRNAs in a complex with an AGO-family member
(miRISC) mostly mediate translational repression of target
mRNAs towhich they bind, but translational activation has also
been reported (28). Although themechanism of miRISC-medi-
ated translational repression is still debated, recent studies
clearly show that miRNAs are associated with translated
mRNA in HeLa cells and are found in polyribosomes (29, 30).
Intriguingly, as human AGO2-slicer forms complexes with
siRNAs or miRNAs (6), it appears that siRNA- and miRNA-
mediated pathways can overlap. Whether siRISC, like miRISC,
can recognize and slice target mRNA, while being translated
has not been addressed.
Here we report on the functional analysis of the TbAGO1

N-terminal RGG domain and provide further evidence that the
association ofTbAGO1with polyribosomes is of functional sig-
nificance for RNAi-mediated degradation ofmRNA.Moreover,
we show that mRNA cleavage can occur on polyribosomes sta-
bilized by cycloheximide, although mRNA association with
ribosomes is not a pre-requisite for slicing to occur.

EXPERIMENTAL PROCEDURES

Trypanosome Cell Lines—Procyclic cells of strain T. brucei
rhodesiense YTat1.1 were maintained at 27 °C and transfected
as previously described (16).
Construction of AGO1 Mutants—Deletion constructs were

generated either by PCRor by overlapping oligonucleotides and

cloned into an AGO1 complementation vector (13). Similarly,
substitutions of all the arginine residues in the RGG domain
were constructed by overlapping oligonucleotides. All mutant
constructs were verified by DNA sequencing.
Polyribosome Analysis—Cytoplasmic extracts were prepared

by detergent lysis and manual homogenization in polysome
buffer (120 mM KCl, 20 mM Tris, pH 7.5, 2 mM MgCl2, 1 mM

dithiothreitol, and 10 �g/ml leupeptin) containing 1.2% Non-
idet P-40. The lysate was cleared by centrifugation for 4 min at
14,000 rpm and the post-nuclear supernatant was further frac-
tionated into soluble and high speed pellet fractions by centri-
fugation at 200,000 � g for 1 h. Cycloheximide or pactamycin
were added to cells prior to collecting the cells by centrifugation
andwere present in all buffers throughout the entire procedure.
S-200 supernatants were layered onto 15–50% sucrose gradi-
ents in polysome buffer and centrifuged for 2 h at 36,000 rpm in
a Beckman SW-41 rotor at 4 °C. 1-ml fractions were collected
using the ISCO gradient fractionation system. The A254 profile
was recorded using the ISCOUA-6 detector. Each fraction was
precipitated with 1 ml of isopropanol, and the material was
collected by centrifugation. Pellets were resuspended in 0.3 ml
of a solution containing 10mMTris-HCl (pH 7.5), 1 mM EDTA,
100 �g/ml proteinase K, and 1% SDS and incubated at 65 °C for
30 min. Solubilized and digested materials were centrifuged
through a microcon-100 filtration unit according to the manu-
facturer’s instructions (Millipore Corp.), and the filtrate was
precipitated with 1 volume of isopropanol after addition of 20
�g of glycogen and NaCl to 600 mM. Samples were then pro-
cessed for Northern blot analysis as described previously (31).
Mass Spectrometry Analysis—TAP-tagged AGO1 from the

procyclic form of T. brucei was purified as described (32). The
TAP-AGO1 fractions were pooled and further fractionated by
SDS-PAGE on a 6% polyacrylamide gel. The band correspond-
ing to TAP-tagged AGO1 was excised from the gel and sub-
jected to matrix-assisted laser desorption ionization time-of-
flight (MALDI-TOF) mass spectrometry at the W. M. Keck
Facility at Yale University.
Subcellular Fractionation—The QproteomeTM Cell Com-

partmentKit fromQiagenwas used for cell fractionation exper-
iments following the protocol provided by the supplier. Equiv-
alent fractionswere loaded on6%SDS-polyacrylamide gels, and
the gels were blotted onto Hybond-P (Amersham Biosciences)
and probed with rabbit polyclonal antibodies against TbAGO1
(16), Hsp83 (Hsp90 homologue, gift from Jay Bangs, University
of Wisconsin), BiP (gift from Jay Bangs, University of Wiscon-
sin (33)), or TbISWI-C (gift fromGloria Rudenko, University of
Oxford, UK (34)).
Other Procedures—RNA extraction, dsRNA transfection,

and Northern blot analysis were performed as described previ-
ously (31). Wild-type and mutant cell lines were challenged
with 0, 1, 2, and 10 �g of double-stranded RNA targeting the 5�
UTR of �-tubulinmRNA. To probe the structure of siRNAs, an
S-100 extract was treated with proteinase K at room tempera-
ture and phenol-extracted, and total RNA, with or without
incubation at 95 °C for 2 min, was separated by electrophoresis
through 15% polyacrylamide gels. Immunoprecipitations and
Western blot analysis were performed as described previously
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(16). Morpholino oligonucleotides (500 �M final concentra-
tion) were delivered to trypanosomes by electroporation (35).

RESULTS

The Size of the TbAGO1 RGG Domain and the Presence of
Arginine Residues Are Important Determinants for RNAi
Competency—One of the striking features of the T. brucei
AGO1 N-terminal domain is the high representation of argin-
ine-glycine-glycine (RGG) motifs, which make up almost 50%
of the first 59 amino acids (16, 36). In particular, between posi-
tions 9 and 59 there are 10 RGG motifs, which are part of an
11-amino acid repeating unit with the consensus sequence
G(Y/R)RGGRGGG(E/F)G (Fig. 1 and supplemental Fig. 1). Our
previous experiments with a mutant AGO1 protein missing
amino acids 2–68 (�RGGmutant) resulted in a severe impair-
ment of theRNAi response andnearly abolished the association
of TbAGO1 with polyribosomes (13). To gain further insight
into the functional determinants contained within the
TbAGO1 amino terminus, we first tested whether the number
of RGGmotifs is important for AGO1 function. To this end we
generated a series of deletions by removing 11 amino acids at a
time starting at position 59 and progressing toward the very N
terminus (Fig. 1 and supplemental Fig. 1). Deletion mutants
were constructed in an AGO1 complementation vector that
was designed to integrate by homologous recombination at the
endogenous TbAGO1 locus of ago1�/� cells, using sequences
flanking the AGO1 ORF as recombination targets (13). As a
positive control we used the parental AGO1 gene (wt, Fig. 1)
assembled in the same complementation vector and similarly
integrated in the genome. Semi-quantitativeWestern blot anal-
ysis showed no major differences in the expression levels of

wild-type and mutant AGO1 proteins (see Fig. 4A). Next, we
transfected �-tubulin dsRNA into the various cell lines and
determined the number of FAT cells (cells blocked in cytokine-
sis) that resulted from the down-regulation of �-tubulin syn-
thesis (37). In our standard assay FAT cells, which are non-
dividing and easily recognized due the presence of multiple
nuclei, flagella, and mitochondrial genomes (kinetoplasts), are
counted at the optical microscope 16 h post-transfection. We
have previously shown that the magnitude of the FAT pheno-
type correlates well with the extent of �-tubulin mRNA degra-
dation (17). For instance, in wild-type cells 70–80% degrada-
tion of �-tubulin mRNA is manifested by �50–70% FAT cells.
Thus, the measurement of FAT cells serves as a reporter phe-
notype for RNAi efficiency. The results shown in the right col-
umn of Fig. 1 were obtained by transfecting non-saturating
amounts of �-tubulin dsRNA, and for each mutant the value
was normalized relative to the performance of the cell line com-
plemented with wild-type TbAGO1, which was set at 100%. By
this analysis we observed that progressive deletion of the RGG
domain affected RNAi efficiency in a gradual fashion. Specifi-
cally, deletion of amino acids 49–59 or 38–59 resulted in a
decrease of RNAi efficiency to �60% of wild-type levels. A fur-
ther reduction to 35 and 23%was observed formutants�27–59
and �16–59, respectively. Finally, dsRNA challenge of cells
expressing TbAGO1 mutants devoid of the RGG motifs (�7–
59), as well as flanking residues (�2–59 and�7–68), led to�5%
FAT cells, which we set as the minimal value at which the FAT
phenotype can be reliably assigned. It is important to note that
by this assay the performance of the�7–59,�2–59, and�7–68
mutants was indistinguishable from that of the �RGGmutant,
which was analyzed in our previous study (13).
It is well established that RGGdomains can function asmod-

ules for protein-protein interactions, and, in the case of human
FMRP, the RGG domain has the ability to bind G-quartet-con-
tainingRNAs (38, 39). Thus, RGGdomains appear to be bifunc-
tional modules that can interact with both proteins and RNAs.
Additionally, arginine residues in RGG motifs have the poten-
tial to be post-translationally modified by protein arginine
N-methyltransferases (40, 41). These enzymes add one or two
methyl groups to the terminal guanidine nitrogen atoms of
arginine thus generating monomethylarginine, asymmetric di-
methylarginine, or symmetric dimethylarginine. Because argi-
nine methylation can act as a positive or negative regulator of
protein-protein interactions, it was relevant to determine
whether arginines in the N-terminal domain of TbAGO1 carry
any methyl groups. We initially took advantage of the well
established Y12 monoclonal antibody, which recognizes Sm
proteins of spliceosomal small nuclear ribonucleoproteins (42).
In particular, Y12 reacts with symmetric dimethylarginine in
arginine-glycine dipeptide repeats of Sm proteins (43). As can
be seen in Fig. 2A, TAP-tagged AGO1 either in a total cytoplas-
mic extract (lane 1) or after affinity purification (lane 3) was
recognized by monoclonal antibody Y12, suggesting that this
antibody reacts with symmetric dimethylarginine-containing
epitopes in AGO1. In addition, we tested commercially avail-
able antibodies that recognize either symmetric dimethylargi-
nine (SYM11) or asymmetric dimethylarginine (ASYM24).
TbAGO1was recognized by SYM11 (data not shown), support-

FIGURE 1. Mutations in the RGG domain affect the RNAi response. Sche-
matic diagram of T. brucei AGO1 and mutant derivatives. The first 70 amino
acids, including the RGG domain, are shown enlarged with the RGG repeats
indicated by gray boxes. Dots indicate deleted amino acids. The amino acid
sequence of the RGG domain and mutant derivatives is displayed in supple-
mental Fig. 1. The drawing is not to scale. Right column (% FAT cells) indicates
the % of cells that acquired the FAT phenotype (see text for details) 16 h after
transfection with dsRNA homologous to the 5� UTR of �-tubulin mRNA. Each
mutant cell line was challenged with non-saturating amounts of dsRNA (0.5
or 1.0 �g of dsRNA per transfection), and the percentage of FAT cells was
normalized to the response of cells expressing wt TbAGO1, which was set at
100%. The value of �5% FAT cells indicates that the RNAi response was
severely inhibited; this is the minimal value at or above which the FAT cell
phenotype is informative.
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ing the Y12 reactivity.We also observed a low but specific reac-
tivity with ASYM24 (data not shown), suggesting the presence
of asymmetrically dimethylated arginine residues.
Potential sites for arginine methylation are glycine-arginine-

rich regions, which are often found as repeats. InTbAGO1 such
potential sites are clustered at the N terminus in the RGG
domain, and this profile is conserved in related trypanosomatid
protozoa, namely T. congolense, T. vivax, and Leishmania bra-
ziliensis (supplemental Fig. 2). To provide direct evidence for
arginine methylation TAP-tagged TbAGO1 was affinity puri-
fied, trypsin-digested, and subjected to MALDI-TOF mass
spectrometry. Although this led to the preliminary identifica-
tion of the peptide GG(dmR)GGGEGG(dmR)R, which was
assigned to the AGO1 N terminus and predicted to carry two
dimethylated arginines, we were not able to determine whether
this was asymmetric or symmetric dimethylation. In addition,
the highly repetitive nature of the RGG domain was not ame-
nable to an unambiguous identification of modified arginine
residues.
Considering the experimental challenges outlined above, we

turned to amutational analysis to evaluatewhether the arginine

residues in the RGG domain were functionally relevant. We
generated two additional mutants (Fig. 1 and supplemental Fig.
1) by substituting all the arginine residues within the first 59
amino acids of TbAGO1 with either lysine (KSUB), a conserv-
ative substitution thatmaintains the positive charge of arginine,
or alanine (ASUB), a non-conservative substitution. After the
establishment of stable cell lines, we first determined the extent
of FAT cell formation (Fig. 1) and found that cells expressing
the KSUBmutation produced �12% FAT cells relative to wild-
type cells, whereas cells expressing the ASUB mutant AGO1
protein had a more severe phenotype giving rise to �5% FAT
cells. The latter phenotype was similar to mutants missing the
entire RGG domain, as well as flanking sequences (�2–59,
�7–68, and �RGG). To confirm the phenotype of the KSUB
and ASUBmutants, we next determined the extent of degrada-
tion of�-tubulinmRNA in response to transfection of different
amounts of �-tubulin dsRNA. TheNorthern blot of Fig. 2B and
the quantitation of the results in Fig. 2C showed that, at the
highest dsRNA concentration, mRNA cleavage in KSUB cells
was reduced �5-fold as compared with wild-type cells. Unex-
pectedly, the ASUB cell line had an undetectable response to
�-tubulin dsRNA, a phenotype reminiscent of that of the
ago1�/� parental cell line, where the RNAi pathway is com-
pletely disabled (16).
In conclusion, the above results are consistent with the

hypothesis that the size and specifically the arginine residues
of the AGO1 N-terminal RGG domain contribute to RNAi
efficiency, as gauged by the decreased response to synthetic
dsRNA. Our experiments also indicated, likely due to the
repetitive nature of the RGG domain, that the first 16 amino
acids of this domain, which harbor two RGG motifs, are
sufficient for detectable, albeit reduced, AGO1 function.
Although the results of our deletion and substitution
mutagenesis are consistent with an important functional
role of the arginine residues, we found that changing the
identity of the arginine residues to lysine led to a much less
severe loss of function than arginine to alanine substitutions.
It is possible that the severe phenotype of the ASUB mutant
may be the result of mis-folding of the N terminus, possibly
preventing interaction of TbAGO1 with other cellular com-
ponent(s), promoting unspecific interactions and/or inhib-
iting the cleavage activity of TbAGO1.
The Cellular Localization of ASUB and KSUB Mutant Pro-

teins Is ComparablewithThat ofWild-typeAGO1—Our results
above suggested that mutating arginine residues in the RGG
domain may disrupt arginine methylation. Because arginine
methylation of PIWI proteins has been shown to affect its
nuclear localization (15), we performed cell fractionation
experiments with extracts from wild-type cells and from cells
expressing KSUB orASUBmutant proteins (Fig. 3). Themajor-
ity of wild-type AGO1was recovered in the fraction containing
cytosolic proteins (panel A, lane 2), as gauged by the fraction-
ation behavior of cytoplasmic Hsp83 (the homologue of
Hsp90). A small proportion of AGO1 was present in the mem-
brane fraction (lane 4), where, as predicted, BiP was found
exclusively (33). No detectable amount of AGO1 was found in
the nuclear fraction (lane 6). A comparable fractionation pro-
file was obtained for KSUB andASUB proteins (panels B andC,

FIGURE 2. A, TbAGO1 is recognized by the Y12 monoclonal antibody. Western
blot analysis of a total cytoplasmic extract (T, lanes 1 and 4), supernatant (S,
lanes 2 and 5), and immunoprecipitated AGO1 (P, lanes 3 and 6) with Y12 or
anti-BB2 antibodies. Molecular masses are indicated in kilodaltons. B, substi-
tution of arginine residues in the TbAGO1 RGG domain inhibits degradation
of �-tubulin mRNA in response to transfection of homologous dsRNA. Wild-
type, KSUB, and ASUB cells were electroporated with different amounts (in
micrograms) of �-tubulin dsRNA, as indicated above each lane or with
poly(I-C) (lane 0), and total RNA was prepared 2 h after electroporation. The
level of �-tubulin mRNA was monitored by Northern blotting with a radiola-
beled DNA probe derived from the tubulin coding region. The bottom panel
shows the hybridization to the paraflagellar rod (PFR) protein mRNA that
served as a loading control. C, quantitation of �-tubulin mRNA degradation.
For each cell line �-tubulin mRNA hybridization was quantitated by Phosphor-
Imager analysis and was plotted as the fraction of mRNA remaining 2 h after
electroporation, setting as 100% the amount of �-tubulin mRNA present in
the samples that received poly(I-C). A representative experiment is shown.
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respectively), indicating that the introduced mutations did not
have a major influence on the cellular localization of these
proteins.

Determinants for the Association
of TbAGO1 with Polyribosomes—
We have shown previously that in
trypanosomes the majority (�80–
90%) ofTbAGO1-siRNA complexes
are recovered as soluble ribonu-
cleoprotein particles, whereas the
remainder �10–20% of TbAGO1
ribonucleoprotein particles co-sed-
iment with polyribosomes (18).
Importantly, the AGO1-polyribo-
some association was nearly com-
pletely abolished in cells expressing

the �RGG mutant (13). In this context it was of interest to
analyze the cellular distribution of the mutant AGO1 proteins
we generated in this study. To this end cytoplasmic cell extracts
were prepared and centrifuged at 100,000 � g for 60 min to
separate soluble TbAGO1, which partitions in the S100 super-
natant, from polyribosome-associated TbAGO1, which is
found in the pellet fraction (P100). Next, equivalent amounts of
the input (S14), S100, and P100 fractions were analyzed by
Western blotting with a polyclonal anti-TbAGO1 antiserum
(Fig. 4A, AGO1 panels). As a control for loading and ribosome
enrichment in the P100 pellet an identical blot was reactedwith
an antiserum raised against the T. cruzi P0 protein, a known
component of the large ribosomal subunit (Fig. 4A, P0 panels).
Through this analysis we found that progressive deletion of
amino acids 16–59, defined by mutants �49–59, �38–59,
�27–59, and �16–59, diminished the co-fractionation of
TbAGO1 with polyribosomes by �30–50%, as compared with
wild-type AGO1 (wt panel). Confirming our previous results,
this phenotype was nearly abolished in �RGG cells (13).
Mutants �7–59, �2–59, and �7–68 behaved similarly to the
�RGG mutant and were not included in this experiment. In
extracts prepared from the KSUB cell line there was a drastic
reduction of the amount ofTbAGO1 in the P100 pellet, and this
was further enhanced in ASUB extracts, which by this assay
behaved similarly to the �RGG mutant cells. To corroborate
the fractionation characteristics of the KSUB and ASUB
mutant AGO1 proteins, a cytoplasmic extract was centrifuged
through a 15–50% sucrose gradient, and individual fractions
were analyzed by Western blotting with a polyclonal anti-
AGO1 antibody (Fig. 4B). As shown previously (13, 18), wild-
type AGO1 partially co-sedimented with polyribosomes. Simi-
lar to the fractionation experiments (Fig. 4A), there was a
substantial reduction in the amount of the KSUB mutant pro-
tein co-sedimenting with polyribosomes, and the majority of
the ASUB mutant protein was found near the top of the gradi-
ent, where soluble material and small ribonucleoprotein parti-
cles sediment, and very little, if any of the protein was detected
in gradient fractions where polyribosomes sediment (Fig. 4B).
Thus, although decreasing the overall size of the RGG domain
contributed somewhat to the extent of AGO1 co-fractionating
with polyribosomes, the effect on this phenotype wasmost dra-
matic when the arginine residues within amino acids 2–59
where substituted by lysine or alanine or when the entire RGG
domain was deleted (13). The observation that KSUBAGO1, in
which the positive charges of the N-terminal domain were

FIGURE 3. Cell fractionation of cells expressing wild-type AGO1 (A), KSUB (B), and ASUB (C) mutant proteins.
Total cell lysates (lane 1) were fractionated into cytosolic proteins (lane 2) and a pellet (lane 3). Membrane proteins
were extracted from the pellet (lane 4), and the insoluble material (lane 5) was further fractionated into nuclear
proteins (lane 6) and cytoskeletal proteins (lane 7). Panels were reacted with an antibody to TbAGO1, Hsp83, BiP, and
TbISWI. TbISWI is indicated by an arrow, just above a cross-reacting band (34).

FIGURE 4. A, fractionation of wild-type AGO1 and RGG-domain mutant deriv-
atives between soluble and ribosome-enriched material. Extracts were pre-
pared as described (18), and the soluble material after centrifugation at
14,000 � g for 10 min (S14) was further fractionated by centrifugation at
100,000 � g for 1 h. A 30% sucrose cushion was layered at the bottom of the
tubes to minimize contamination of the ribosome-enriched pellet (P100) frac-
tion by the soluble material (S100). Equivalent amounts of S14, S100, and
P100 fractions were separated by SDS-PAGE and Western blotted with anti-
AGO1 polyclonal antibodies (AGO1 panels) or T. cruzi anti-P0 polyclonal antibod-
ies (PO panels), which monitor the sedimentation of the 60 S ribosomal subunit.
B, sucrose density gradients of cytoplasmic extracts from cells expressing wild-
type (wt), KSUB, and ASUB AGO1. The sucrose density gradient fractions were
analyzed by Western blots using a rabbit anti-AGO1 polyclonal antibody (wt,
KSUB, and ASUB panels) or T. cruzi anti-P0 polyclonal antibodies (PO panels) to
monitor the sedimentation of the 60 S ribosomal subunit.
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maintained, was greatly reduced in the polyribosome fractions
indicated that AGO1 association with polyribosomes is not
simply brought about by ionic interactions and thus suggested
that this interaction is specific.
As mentioned above, RGG motifs are highly represented at

the N terminus of AGO1 proteins from the trypanosomatid
protozoa T. congolense, T. vivax, and Leishmania braziliensis
(supplemental Fig. 2). Moreover, AGO1 and AGO2 of Arabi-
dopsis thaliana have a similar clustering of RGG motifs in the
N-terminal domain. Thus, in addition to experimental evi-
dence presented here, sequence conservation can also provide
evidence in favor of a functional role for theN-terminal domain
of certain Argonautes.
Cell Lines Expressing�RGG,KSUB, andASUBProteinsAccu-

mulate Single-stranded siRNAs Associated with AGO1—
The experiments presented above suggested that the N-termi-
nal domain of AGO1 was important either for AGO1 cleavage
activity or for promoting an association with polyribosomes.
We addressed the first possibility by assaying the capability of
mutant proteins to cleave mRNA targets in vitro. However,
attempts to establish an in vitro slicing assay with wild-type
TbAGO1 have so far not been successful. Thus, as an alterna-
tive approach to gauge the cleavage activity of AGO1, we exam-
ined the structure of associated siRNAs. An essential step in
RISC activation is the dissociation of the siRNA duplex, which
involves removal of the passenger strand and retention of the
guide strand. In particular, in systems studied so far, the cleav-
age activity of Argonaute was required for the generation of
single-stranded siRNAs (44–49). Thus, we first monitored the
accumulation of endogenous siRNAs derived from Ingi retro-
poson transcripts in cell lines expressing mutant AGO1 pro-
teins. As noted previously, the abundance of Ingi siRNAs was
not visibly affected by the �RGG mutation (13), and a similar
result was obtained for theKSUB andASUBmutations (Fig. 5A,
lanes 3 and 4). Next we asked whether the siRNAs formed a
ribonucleoprotein complex with the mutated AGO1 proteins.
To address this issue, an epitope-tagged version of the ASUB
andKSUBproteinwas immunoprecipitated froma cytoplasmic
extract, and the immunoprecipitates were assayed by Northern
blotting for the presence of Ingi siRNAs (Fig. 5B). This revealed
that themajority of Ingi siRNAswere associatedwith theASUB
and KSUB mutant proteins (lanes 4 and 6), comparable to the
wild-type protein (lane 2) and the previously described �RGG
mutation (13). To investigate the structure of the siRNAs pres-
ent in cell lines expressing mutant Argonaute proteins, RNA
from an S100 extract was examined using native gel electro-
phoresis (Fig. 5C). The gel mobility of a synthetic 32P-labeled
duplex siRNA with and without denaturation prior to electro-
phoresis served as a marker to identify single- and double-
stranded conformations, respectively (lanes 1 and 2). In addi-
tion, subjecting RNA isolated from a cell line defective in the
dissociation of the siRNA duplex to this procedure resulted in
the detection of double-stranded siRNAs in the sample not
exposed to denaturation.7 As expected, Ingi siRNAs present in
wild-type cells were single stranded (lane 3). Similarly, in cell

lines expressing Arg-735, �RGG, KSUB, or ASUB mutant pro-
tein, Ingi siRNAs were predominantly single-stranded (lanes 5,
7, 9, and 11). Of note is that the Arg-735 mutation, previously
shown to be severely defective in the cleavage of target mRNA
(13), appeared not to be affected in the generation of single-
stranded siRNAs (see “Discussion”). Taken together, our
results indicated that siRNA abundance and conversion of
duplex siRNA to single-stranded siRNA was not affected by
mutations in the N-terminal domain of TbAGO1, suggesting
that the mutant proteins most likely retained catalytic activity,
although analysis of steady-state siRNAs is not informative
about the efficiency of cleavage. Nevertheless, our results pro-
vided evidence that theN-terminal RGGdomain ofAGO1 con-
tains a determinant for the association with polyribosomes.
RNAi-induced Degradation of �-Tubulin mRNA Can Occur

When Polyribosomes Are Stabilized andWhen Ribosome Load-
ing on mRNA Is Inhibited—To investigate whether mRNA
cleavage can occur while the mRNA is on polyribosomes, we
used cycloheximide, a translation inhibitor that blocks elonga-
tion and stabilizes polyribosomes. We chose �-tubulin mRNA
as a model, because we (50) and others (51) have previously
shown that in cycloheximide-treated trypanosomes the major-7 R. L. Barnes, C. Tschudi, and E. Ullu, unpublished observation.

FIGURE 5. siRNA analysis in cells expressing mutant AGO1 proteins.
A, small RNAs isolated from each cell line as indicated was analyzed by North-
ern blot hybridization with an Ingi radiolabeled probe. Hybridization to
tRNAMet served as a loading control (con). B, association of wild-type (wt),
ASUB, and KSUB AGO1 with Ingi siRNAs. A cytoplasmic extract from cells
expressing N-terminal BB2-tagged AGO1 proteins was subjected to immuno-
precipitation with anti-BB2 antibodies, and supernatant (S) and pellet (P) frac-
tions were processed for Western blot analysis for AGO1 (upper panel), North-
ern blot analysis for Ingi siRNAs (middle panel), and tRNAMet (bottom panel),
which served as a control for immunoprecipitation specificity. C, siRNAs in
cells expressing wild-type (wt), R735, �RGG, ASUB, and KSUB AGO1 are single-
stranded. RNA from an S100 extract without (�) or with incubation at 95 °C
(�) prior to electrophoresis was electrophoresed on a 15% native polyacryl-
amide gel and hybridized to an oligonucleotide probe complementary to the
most abundant Ingi siRNA. A synthetic 32P-labeled siRNA duplex (con) served
as a marker for migration of single-stranded (ss) and double-stranded (ds)
siRNAs.
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ity of �-tubulin mRNA is found on polyribosomes. Trypano-
somes were preincubated with cycloheximide for 15 min,
washed with electroporation buffer containing cycloheximide,
electroporatedwith�-tubulin dsRNA, and then returned to cell
culture media also containing cycloheximide. As a trigger to
induce mRNA cleavage we used 114-dsRNA (Fig. 6A). This
dsRNA is homologous to positions 671–784 of the �-tubulin
coding region and thus probes the accessibility to an internal
region of the mRNA, which is most likely surrounded and/or
bound by ribosomes. In addition, in preliminary experiments
we observed that with 114-dsRNA the 5� and 3� cleavage prod-
ucts of �-tubulin mRNA were easily detectable (data not
shown). Total RNA was prepared 1 h after transfection and
analyzed by Northern blotting with probes derived from the 5�
or 3� ends of �-tubulin mRNA (Fig. 6B). The results showed
that �-tubulin mRNA cleavage can proceed in the presence of
cycloheximide, albeit at a reduced level, i.e. an �30% reduction
in mRNA degradation (Fig. 6B). At the same time, we prepared
a cytoplasmic extract from the cells transfected with 114-
dsRNA in the presence of cycloheximide and monitored the
sedimentation behavior of intact �-tubulin mRNA and of the
cleavage products by sucrose density gradient centrifugation
(Fig. 6C). Northern blot analysis of individual fractions showed
that �95% of intact �-tubulin mRNA co-sedimented with
polyribosomes (fractions 5–12). Interestingly, we also observed
that the mRNA cleavage products sedimented as large ribonu-
cleoprotein complexes with the 5� and 3� fragments revealing
distinct fractionation behaviors.Whether these fragmentswere
still associated with ribosomes or were part of mRNA degrada-

tion complexes was not investigated
further. Nevertheless, this experi-
ment showed that the target �-tu-
bulin mRNA was mostly associated
with ribosomes at the time of cleav-
age, indicating that RNAi can target
mRNA in this environment.
The above results raised the ques-

tion whether the association of
mRNA with polyribosomes was a
prerequisite for the RNAi response.
To address this issue, we used pac-
tamycin, which allows elongating
ribosomes to finish translation and
dissociate from the mRNA, but
translation initiation is inhibited
and, consequently, polyribosomes
are depleted. Indeed, our previous
studies showed that pactamycin
treatment of trypanosomes resulted
in the accumulation of non-trans-
lating 80 S ribosomes and the disap-
pearance of large polyribosomes
(18). Consistent with ribosome run-
off, upon treatment with pactamy-
cin �-tubulin mRNA shifted from
the heavier to the lighter fractions of
a sucrose density gradient (data not
shown). Thus, cells were preincu-

bated with pactamycin for 15 min, washed with pactamycin-
containing buffer, and electroporatedwith dsRNAhomologous
to the 5� UTR of �-tubulin mRNA, which monitors the acces-
sibility of the mRNA in the region preceding the translation
initiation codon (Fig. 7A) and incubated in pactamycin-con-
taining medium for 1 or 2 h. The Northern blots in Fig. 7B
showed that mRNA cleavage can occur in the presence of pac-
tamycin, although there was a reduction of �1.5-fold in cleav-
age efficiency as compared with untreated control cells. Of
note, in pactamycin-treated cells there was accumulation of a
smaller�-tubulin RNA species (indicated by an asterisk), which
represents the 3� cleavage product, because it does not hybrid-
ize to a 5�UTR probe (data not shown). The stabilization of this
fragment was pactamycin-specific, as it was not observed with
cycloheximide or puromycin treatment (data not shown).
Our result that RNAi can proceed in the absence of ongoing

translation is in agreement with previous reports in mamma-
lian cells (20, 21). However, we consistently found that inhibi-
tion of bulk protein synthesis by cycloheximide or pactamycin
resulted in reduction of the RNAi response to transfected
dsRNA. We think this effect is most likely due to inhibition of
AGO1 synthesis, because we have previously shown that block-
ing synthesis of AGO1 by various means reduces the RNAi
response to transfected dsRNA (35). In conclusion, our exper-
iments suggest that RNAi-mediated mRNA cleavage in
trypanosomes can occur on mRNA associated with ribosomes,
as well as when most ribosomes are disengaged from the
mRNA. The latter observation was consistent with our result

FIGURE 6. dsRNA-triggered degradation of �-tubulin mRNA can occur in the presence of cycloheximide.
A, schematic representation of the coding region of �-tubulin mRNA; the approximate position of the 114-
dsRNA is indicated by the solid box and the position of the 5� and 3� probes used for Northern analysis is
indicated by the stippled boxes. The drawing is not to scale. B, Northern blot analysis of �-tubulin mRNA levels
with the 5� or 3� probe 1 h after transfection with 20 �g of 114-dsRNA (� lanes) or with 20 �g poly(I-C) (� lane)
in the presence or absence of cycloheximide as indicated above each lane (see text for details). C, sucrose
density gradient analysis of the distribution of intact and cleavage fragments of �-tubulin mRNA in cytoplasmic
extracts from cells transfected with 114-dsRNA in the presence of cycloheximide. The bottom panel shows the
methylene blue staining of the large ribosomal RNAs in the sucrose density gradient fractions. The positions of
the 40 S subunit and the 80 S monosome are indicated.

RNAi and Argonaute-Polysome Association

DECEMBER 25, 2009 • VOLUME 284 • NUMBER 52 JOURNAL OF BIOLOGICAL CHEMISTRY 36517



that the RGGmutant retained some cleavage activity, although
their polyribosome association is drastically reduced.
Sequestering mRNAs from the Translational Machinery Does

Not Allow the ASUB Mutant to Target Tubulin mRNA—The
above experiments with pactamycin provided us with an exper-
imental system to test whether the ASUB mutant was able to
cleave �-tubulin mRNA under conditions when most ribo-
somes are disengaged frommRNAs. Thus, we repeated the pac-
tamycin experiments described in Fig. 7 with cells expressing
the ASUB mutant protein (Fig. 8). The Northern blot of RNA

isolated from wild-type cells mirrored our above results in that
mRNA cleavage occurred in the presence of pactamycin,
although there was some reduction in cleavage efficiency. On
the other hand, pactamycin treatment of ASUB cells had little
or no effect on the degradation of �-tubulin mRNA, i.e. there
was no significant cleavage of target mRNA in the presence or
absence of pactamycin (Fig. 8B).
The RNAi Response Is Partially Inhibited when Tubulin

mRNAs Are Sequestered from Translation—To further analyze
the accessibility of mRNA to the RNAi machinery, we inves-
tigated the effect of sequestering �- or �-tubulin mRNA
from translation by employing antisense morpholino oligo-
nucleotides, which when annealed at or nearby the AUG
initiation codon specifically block mRNA translation. Mor-
pholino oligonucleotides, complementary to positions �20
to �5 of �-tubulin mRNA relative to the AUG initiation
codon (�tub1 oligonucleotide) and to positions �20 to �5 of
�-tubulin mRNA relative to the AUG initiation codon
(�tub1 oligonucleotide) or a control morpholino oligonu-
cleotide with an unrelated sequence, were individually elec-
troporated into cells. We first tested whether the antisense
morpholino oligonucleotides were efficient blockers of �-
and �-tubulin protein synthesis. To this end at 1 or 2 h post-
transfection cells were pulse-labeled for 15 min with
[35S]methionine, and the radiolabeled proteins were sepa-
rated by SDS-PAGE (Fig. 9A). As a control, cells were trans-
fected with �-tubulin 114-dsRNA (lane 8) or �-tubulin BT4-
dsRNA (homologous to the last 400 nucleotides of the
�-tubulin coding region; lane 5). We found that already at
1 h post-transfection the synthesis of �- or �-tubulin protein
was drastically reduced by treatment with the corresponding
morpholino antisense oligonucleotides and remained low after
2 h of growth (Fig. 9A). Next, cells were transfected with the
morpholino antisense oligonucleotide plus the corresponding
dsRNA and the extent of �- or �-tubulin mRNA degradation
was evaluated by Northern blot hybridization (Fig. 9, B and C)
at 1 or 2 h after transfection. The results showed that, as com-
paredwith the control oligonucleotide, the specificmorpholino
antisense oligonucleotides had a negative impact on the extent
of �- or �-tubulin mRNA degradation, with 30% to 50% inhibi-
tion in three different experiments. Although other interpreta-
tions are possible, perhaps the morpholino oligonucleotide-
bound mRNAs are less accessible to the RNAi machinery,
because they are in a compartment and/or in a ribonucleopro-
tein complex that partially shields them from the attack of
RISC. Similarly, it was shown that in Drosophila oocytes the
endogenous maternal mRNAs, which are segregated from
translation, are not sensitive to RNAi-induced degradation
(26). In conclusion, the morpholino antisense oligonucleotides
efficiently segregated tubulin mRNAs from translation, as
shown by the inhibition of �- and �-tubulin synthesis, and
under these conditions �- and �-tubulinmRNAswere less sen-
sitive to dsRNA-mediated cleavage. Our results indicated that
translation per se is not a requirement for RNAi. Thus, RNAi
can proceed on mRNA on polysomes, as well as on mRNA that
is not associated with ribosomes.

FIGURE 7. A, schematic representation of �-tubulin mRNA showing the posi-
tion of the 5� UTR dsRNA trigger (solid box) and the sequences corresponding
to the 5� tubulin probe (stippled box). B, RNAi of �-tubulin mRNA can proceed
in the presence of pactamycin. Northern blot hybridization of RNA isolated
from cells electroporated with dsRNA homologous to the �-tubulin 5� UTR.
Cells were preincubated with no drug (no drug) or with 200 �g/ml pactamycin
(pactamycin) for 15 min and then 10 �g of poly(IC) (� lanes) or 10 �g of 5� UTR
dsRNA (� lanes) was electroporated. Incubation was continued in medium
with or without the drug for 1 or 2 h, as indicated above each lane. 10 �g of
total RNA was electrophoresed through a 1.5% agarose-formaldehyde gel
and then analyzed by Northern blot hybridization with a tubulin probe, cor-
responding to nucleotides 1–300 of the �-tubulin coding region. A smaller
�-tubulin RNA species, indicated by an asterisk, represents the 3� cleavage
product. Each membrane shown in B was stripped and rehybridized with a
probe detecting the procyclin mRNA as a loading control (control). A similar
result was obtained using the 114-dsRNA trigger.

FIGURE 8. RNAi of �-tubulin mRNA in the presence of pactamycin. A, North-
ern blot hybridization of RNA isolated from wild-type cells electroporated with
dsRNA homologous to the �-tubulin 5� UTR essentially as described in Fig. 7.
B, Northern blot hybridization of RNA isolated from cells expressing ASUB AGO1
and exposed to dsRNA and pactamycin (pacta) as indicated. A smaller �-tubulin
RNA species, indicated by an asterisk, represents the 3� cleavage product. Each
membrane shown was stripped and rehybridized with a probe detecting the
procyclin mRNA as a loading control (control).
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DISCUSSION

The findings presented in this work argue that the N-termi-
nal RGG domain significantly contributes to the function of
TbAGO1 in vivo. Deletions and substitution in the RGG
domain reduced the efficiency of the RNAi response to trans-
fected dsRNA, as well as the functioning of the endogenous
RNAi pathway, as shown by the inability of some of themutants
to correct the up-regulation of Ingi retroposon transcripts in
ago1�/� cells (supplemental Fig. 3). The specific role of the
RGGdomain inTbAGO1 function is at present only amatter of
speculation and will require further investigation. Neverthe-
less, the RGG domain and specifically the arginine residues
constitute a determinant for the association of TbAGO1 with
polyribosomes. It is possible that other sequences in TbAGO1
are involved in this phenomenon, because appending the RGG
domain to GFP did not result in polyribosome targeting of the
fusion protein.6 One consideration is that some of the arginine
residues might need to be methylated and that sequences
downstream from the RGG domain are necessary for substrate
recognition by protein arginine methyltransferases (PRMTs).
Although certain PRMTs have been characterized in trypano-
somes (52, 53), down-regulation of these enzymes affects many

proteins in the cell making it difficult to draw specific connec-
tions to the RNAi pathway. Nevertheless, during the prepara-
tion of this report, arginine methylation was reported for PIWI
proteins in the mouse and fly (14, 15), and in the fly these mod-
ifications are carried out by PRMT5 (14).
Our past and present experiments strongly support the

hypothesis that the association ofTbAGO1with polyribosomes
is functionally relevant in the RNAi pathway: it depends on
specific sequences, and it appears that, although mutations in
the RGG domain drastically affected polyribosome association,
they did not interfere with the resolution of duplex siRNAs to
single-stranded siRNAs. Because this step in RISC formation
has been shown to require the catalytic activity of Argonaute
(37–42), one possible explanation is that the mutant AGO1
proteins retained some activity to convert siRNAs and to cleave
target mRNA. However, we cannot exclude the possibility that
Argonaute in T. brucei depends on an auxiliary protein for the
dissociation of siRNA duplexes.
Our current evidence is most consistent with the hypothesis

that in steady-state conditions TbAGO1 interacts with some,
yet to be identified component of translating ribosomes. Simi-
lar toDrosophilaAGO2-slicer (7), theTbAGO1 ribonucleopro-
tein can be released from polyribosome-enriched pellets by
extractionwith 400mMsalt (18), suggestive of a protein-protein
or protein-RNA interaction, but not supporting an RNA-RNA
interface. The association ofTbAGO1with polyribosomes does
not appear to depend on the target mRNA being present in
polyribosomes, as we have shown that both sense and antisense
MT40 siRNAs co-sediment with polyribosomes (18). In addi-
tion, GFP-derived siRNAs are found on polyribosomes even
when the target mRNA is not expressed. However, we cannot
exclude the possibility that at any time a small proportion of
TbAGO1 interacts with the target mRNA via hydrogen bond-
ing with the guide siRNA, along the line that miRNAs in
human cells have been shown to associate with polyribo-
somes in an mRNA-dependent manner (29). Our observa-
tion that �-tubulin mRNA can be cleaved in the polyribo-
some milieu supports this scenario. It is possible that target
binding and cleavage by TbAGO1 occur very rapidly once
contact is made, thus making it difficult to observe an
AGO-mRNA interaction in steady-state conditions. Why
does TbAGO1 interact with polyribosomes even though
mRNA does not have to be associated with ribosomes to be a
substrate for RNAi?We have previously shown that retropo-
son-derived siRNAs, the hallmark of the endogenous RNAi
pathway, co-sediment with polyribosome-enriched material
and are the major constituents of siRNAs sequenced from
polyribosomes (31). We propose that TbAGO1 on polyribo-
somes functions as a sentinel ready for action should poten-
tially dangerous retroposon transcripts become associated
with polyribosomes.
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